The standard enthalpies of formation (D f H ) of selected ternary Ni-based Heusler compounds Ni 2 YZ (Y ¼ Co, Cu, Fe, Hf, Mn, Ti, V; Z ¼ Al, Ga, In, Si, Ge, Sn) were measured using high temperature direct reaction calorimetry. The measured standard enthalpies of formation (in kJ/mole of atoms) of the Heusler structured (L2 1 , prototype Cu 2 MnAl, Pearson symbol cF16, space group Fm3(_) m) compounds are: Ni 2 MnGa (À29.8 ± 3.9); Ni 2 MnIn (À24.5 ± 2.0); Ni 2 MnSn (À29.7 ± 2.9); Ni 2 TiGa (À42.5 ± 2.2); Ni 2 TiIn (À28.5 ± 1.1); Ni 2 TiSn (À46.8 ± 2.0), for the B2 compound (prototype CsCl, Pearson cP2, space group Pm3(_) m): Ni 2 MnAl (À32.0 ± 2.8), for the inverse Heusler structured (i-L2 1 , prototype Li 2 AgSb, Pearson symbol cF16, space group F4(_) 3 m) compound: Ni 2 CuSn (À12.5 ± 2.1), for the compounds of the L1 2 (prototype AuCu 3 , Pearson symbol cP4, space group Pm3(_) m) structure: Ni 2 CuAl (À38.9 ± 3.1); Ni 2 FeGe (À25.8 ± 3.0). Several off-stoichiometric alloys in the NieMneSn system were also investigated: . Values are compared with those from first principles calculations in published papers and the Open Quantum Materials Database (OQMD). Lattice parameters were determined using X-ray diffraction analysis. Microstructures were characterized using scanning electron microscopy (SEM) with an energy dispersive spectrometer (EDS). Differential scanning calorimetry (DSC) was used to measure the melting points of the compounds.
Introduction
Heusler compounds are ternary intermetallics with an L2 1 structure (prototype Cu 2 MnAl, Pearson symbol cF16, space group Fm3(_) m) with the formula X 2 YZ in which X and Y are different transition elements and Z is a group III to V element in the periodic table. Many of them are well known for the half-metallic property [1] with an energy gap between valence and conduction bands for electrons of one spin polarization (semiconducting minority-spin electrons) and continuous bands for the electrons of the other spin polarization (normal metallic majority-spin electrons). As a consequence, the conduction electrons at the Fermi level are 100% spin polarized, making them very promising for spintronics applications.
Besides the half-metallic property, some of the Ni-based Heusler alloys (e.g. Ni 2 MnGa, Ni 2 FeGa, Ni 2 MnAl) exhibit interesting magneto-mechanical properties such as magnetic shape memory effect and magnetic field induced super-elasticity, which are very attractive for applications as sensors in magnetic micro-electromechanical systems for the recording and storage of information [2] . The superconductor Ni 2 ZrGa exhibits a relatively high superconducting transition temperature (T c ¼ 2.9 K) [3] . As with many intermetallic compounds, utilization of their properties is often dependent on their phase relationships within the alloy system as well as the constitutional defect structures produced at off-stoichiometric compositions. For this reason it is important to develop an understanding of the whole alloy system incorporating the intermetallic compound. This requires both phase diagram and thermodynamic studies so that the CALPHAD method and first principles calculations may be used to predict phase equilibria and properties. Only limited data are available for the enthalpies of formation in many nickel containing ternary systems. Kubaschewski [4] and Hu et al. [5] measured the standard enthalpy of formation (D f H ) of Ni 2 TiAl using calorimetry. Hu et al. [6] reviewed the published data on experimental enthalpies of formation of compounds in a number of AleNi-X systems and Hu et al. [7] also measured the enthalpies of formation of several AleNi-X B2 compounds. This work aims to investigate thermodynamic properties of Heusler compounds for further alloy design of these functional materials and to provide benchmark data for first principles calculations. The standard enthalpies of formation (D f H ), lattice parameters (a) and related phase relationships of selected ternary Ni-based Heusler compounds Ni 2 YZ (Y ¼ Co, Cu, Fe, Hf, Mn, Ti, V; Z ¼ Al, Ga, In, Si, Ge, Sn) are determined experimentally and reported in this paper.
Materials and methods
All elemental materials were purchased from Alfa Aesar ® . Purity and size of the powders are listed in Table 1 . Ga powders were filed from an ingot directly after removing from a freezer. Co, Fe and Ni powders were reduced at 873 K for an hour in flowing hydrogen to remove oxides and carbon on the powder surface, then ground and sieved (<44 mm) immediately prior to calorimeter sample preparation.
The experimental procedure for measuring the standard enthalpy of formation (D f H ) using the high temperature direct reaction calorimeter, also known as the Kleppa calorimeter, was described previously [8, 9] . The temperature of the calorimeter was maintained at 1373 ± 2 K except for Ni 2 TiGa and Ni 2 TiIn which were measured at a lower temperature (1273 K) to avoid the reaction between the liquid solution containing Ti element and the Boron nitride (BN) crucible. A titanium "gettering" furnace operated at 1173 K was used to purify the argon atmosphere supplied to the calorimeter providing a partial pressure of oxygen of about 1.3 Â 10 À28 Pa. Stoichiometric amounts of elemental powders were mixed using a spoon and compressed to make 7 pellets which were individually dropped into the BN crucible in the calorimeter at intervals of 20 min to measure the heat of reaction (D r H). The reacted alloys were cooled to room temperature and dropped into the calorimeter again to measure the heat content (H T e H 298 , T ¼ 1373 or 1273 K). The standard enthalpy of formation (D f H ) is obtained using the heat of reaction minus the heat content. Heat effects were integrated individually and the measured average value was compared to those of NIST SRM 720 sapphire to calculate the corresponding enthalpy. The determined uncertainty is obtained from the calculated standard deviation of multiple measurements. Heat contents for each compound at the corresponding temperature were calculated using the empirical Neumann-Kopp rule [10] for comparison. The elemental data are from the compilation by Dinsdale [11] .
Microstructures of the reacted samples from the calorimeter were examined optically and with a scanning electron microscope (Jeol, JSM-5900LV) equipped with an energy dispersive spectrometer (Oxford Instruments, 80 mm 2 X-Man N Silicon Drift Detector) after standard metallographic preparation. XRD analysis (Thermo ARL, X'TRA and Bruker, D2 PHASER) was used to identify the structure of the phases, as well as to determine lattice parameters (a). Alloys were crushed to powders and sieved (<44 mm) before XRD analysis. Commercial software CrystalMaker ® and CrystalDiffract ® were used to simulate the XRD patterns and estimate the amount of impurity phases by comparing the experimental intensities of the strong diffraction peaks.
Melting points (T m ) were measured using a Setaram ® Setsys 1700 DSC at a heating rate of 10 K/min in flowing argon at atmospheric pressure. NIST SRM 720 sapphire was used as the reference material.
Results
The measured lattice parameters (a) for the reacted samples from the Kleppa calorimeter are summarized in Table 2 , together with data from the literature when available [12e25]. Chemical Abstracts Service (CAS) registry numbers for each compound are also listed.
The measured standard enthalpies of formation (D f H ) are listed in Table 3 . Data from first principles calculations [26e28] and the Open Quantum Materials Database (OQMD) [29] , a publicly accessible database of density functional theory calculated thermodynamic and structural properties, are included for comparison. All calculated values correspond to the L2 1 Heusler structure. The experimentally identified structure and relative amount of additional phases are also given. Table 4 summarizes the measured heats of reaction (D r H) and heat contents (H T -H 298 ) (from 298 K to 1273 or 1373 K), together with the values calculated using the Neumann-Kopp rule. The melting points determined in this work are also included.
Discussion

Microstructures and phase equilibria
In the following text, the observed microstructures and phase equilibria are discussed. The estimated amount of additional phases is presented in volume percent and the phase compositions in atomic percent measured using EDS, are given in parentheses. [30] , a 10 g sample was prepared through arc melting for further investigation. The as-cast structure consisted of two phases, (Co, Ni) fcc solid solution (Ni 55 Co 28 Ga 17 ) and a B2 phase (Ni 58 Co 18 Ga 24 ) in a dendritic structure in agreement with the high temperature phase diagram provided by Ducher et al. [31] . After annealing at 1173 K for 3 days, the morphology changed but the constituents did not, as shown in Fig. 1, i. e., the Heusler phase was not observed. The first-principles calculations from the OQMD shows the Heusler structured Ni 2 CoGa compound is 13.1 kJ/mol of atoms above the convex hull, which indicates the L2 1 Heusler a Strukturbericht symbols were used to present the crystal structure when available or the Pearson symbols were used. The i-L2 1 structure is short for the inverse-Heusler structure. (111) and (200) peaks compared to (220) peak are 13.2% and 3.8% respectively, while the simulated peaks for the Heusler structure are 6.3% and 4.4%, those of the D0 3 structure are 6.9% and 3.6% and those of the inverse Heusler structure are 7.3% and 3.2%, making it impossible to determine the crystal structure unambiguously using XRD analysis. Liu et al. [32] suggested that the inverse-Heusler structure (i-L2 1 , prototype CuHg 2 Ti, Pearson symbol cF16, space group F4(_) 3 m) was preferred when the X element (Ni) has fewer valence electrons than the Y element (Cu) which indicates that the structure in this case is likely to be the inverse-Heusler structure.
Ni 2 FeZ
Alloys of the composition Ni 2 FeZ (Z ¼ Ga, In, Ge) were studied. The reacted Ni 2 FeGa alloy was composed of an AuCu structured martensite phase with 14% of (Fe, Ni) fcc solid solution, while the structure observed in the annealed arc melted sample was (Fe, Ni) fcc solid solution dendrites (Ni 55 25 In 25 alloy which is in agreement with the slight positive enthalpy of formation of the Heusler structure (0.4 kJ/mol of atoms) from the OQMD.
Ni 2 HfZ
Ni 2 HfZ (Z ¼ Ga, In) compositions were prepared. 14% of GaHfNi and 20% of GaNi were observed with the Heusler compound Ni 2 HfGa in the reacted sample. The as cast sample after arc melting also had a large amount of GaHfNi and GaNi with the Heusler phase Ni 2 HfGa. After annealing at 1173 K for 21 days, the amount of impurities was substantially reduced, as shown in Fig. 2 . The annealed samples were used for the subsequent heat content measurement. [14, 36, 37] , the first principles calculations by Zayak et al. [38] indicated the presence of incommensurate phonon instability suggesting that the Heusler structure is mechanically unstable, which is consistent with the present work. Also, the enthalpy of formation of the Heusler structure (À22.8 kJ/mol of atoms) from the OQMD is less negative than that of the combination of the phases in the threephase region (À24.0 kJ/mol of atoms Fig. 5(a) . However, in the sample which was arc melted and further annealed at 673 K for 35 days, Heusler compound Ni 2 VSn (Ni 48 V 28 Sn 24 ) was observed with 10% Ni 3 Sn 2 (Ni 54 V 8 Sn 38 ) as shown in Fig. 5(b) , and this was used for the subsequent heat content measurement. The same microstructure formed after the measurement of heat of reaction, i.e. Ni 3 Sn 2 , V and s phase was observed after the heat content measurement. The reason for the presence of a different microstructure suggests that Ni 2 VSn decomposes at high temperature. However, no peak was observed in the DSC result besides the melting point (1373 K). It is reasonable to assume that either the enthalpy of phase transformation is small or the decomposition temperature is very close to the melting point.
Standard enthalpy of formation
It can be seen from Table 2 that the measured and the nominal compositions of the alloys are in good agreement. The Cu content tends to be slightly lower than intended due to the relatively large size of the powder which is easily lost during mixing and the reason for the low content of Ga is its high vapor pressure at high temperature and with a low melting point it extrudes easily during the compression when preparing the calorimeter samples. The loss of Mn is caused by the presence of oxide from the elemental material and its high vapor pressure. The lattice parameters determined in this work are consistent with those from published papers.
First principles calculations from different sources [26e29] have very similar results. Comparison of the predictions from the OQMD [29] with the experimentally determined standard enthalpies of formation in Fig. 6 shows reasonable agreement in most cases. In some cases where there is a significant difference between experimental and computed enthalpies of formation which can be attributed to the formation of a different structure in the experiment. It is quite reasonable for the experimental values for these compounds to have a more negative formation energy than the ones calculated for a Heusler structure at that composition. For example values corresponding to the Heusler structure from the OQMD, for Ni 2 CuAl (À36.1 kJ/mol of atoms), Ni 2 CuIn (À6.1 kJ/mol of atoms) and Ni 2 FeGe (À14.1 kJ/mol of atoms), are less negative than the experimental values for these compounds. Since the first principles values are for a different structure they should not be compared to the experimental values other than to observe that the predicted values should be smaller than the experimental data since the Heusler structure is not the stable phase. For some of the compounds, such as Ni 2 MnGa and Ni 2 TiSn, the predictions from first principles calculations are quite precise. But for the others, the difference can be more than 10 kJ/mol of atoms, such as Ni 2 MnIn and Ni 2 TiGa alloys which were single phase Heusler structure and so have high experimental accuracy. The reason could be that the complex magnetic ordering is not adequately accounted for in calculations or site substitutional effects are occurring in the reacted compounds. For some of the other alloys, the contribution from additional phases should be considered as increasing the measurement error in the experiments. Also, it should be pointed out that in some cases, such as Ni 2 HfGa and Ni 2 MnIn, even though Heusler phases were synthesized experimentally, the calculated enthalpies of formation from the OQMD are less negative than the hull energy, suggesting Heusler structure is not the ground state phase for these systems. The reason for this discrepancy could be that the calculated enthalpy of formation is at 0 K and the value might be different at a higher temperature. It should be noted that in these cases the difference between the calculated enthalpy of formation and the hull energy is generally very small within the calculation error (0.5 kJ/mol of atoms). It is also observed that the predicted value for Ni 2 YIn and Ni 2 YSn are often less negative than the measured data while data of the other elements are more scattered.
The measured standard enthalpies of formation of Ni 2 MnZ (Z ¼ Al, Ga, In, Sn) and Ni 2 TiZ (Z ¼ Al, Ga, In, Sn) compounds are shown in Fig. 7 and Fig. 8 respectively. Two trends can be observed in the standard enthalpy of formation for these Heusler compounds, similar to our previous findings [41, 42] . First, for the same Z element, the standard enthalpies of formation for Ni 2 MnZ are generally less negative than those for Ni 2 TiZ. This trend is probably related to the d-band filling of the Y elements. Since the d-band of Mn is half filled, it is usually more stable against forming compounds than elements towards the beginning of the series such as Ti. Second, for both Ni 2 MnZ and Ni 2 TiZ, the standard enthalpies of formation become less negative when the Z element moves down the Group III column from Al to In, but gets more negative when the Z element changes from In to Sn, i.e. from Group III to Group IV. This trend in standard enthalpies of formation correlates well with the atomic radii of the Z elements [43, 44] . It is important to note that the experimental and DFT computed lattice parameters for these Heusler compounds show the same trend, increasing on going down the column, as shown by the atomic radii of the Z elements. Within the same row moving from a Group III to a Group IV element, the atomic radius decreases and the enthalpy of formation becomes more negative. Therefore, in Heusler compounds, smaller lattice parameters indicate shorter bond length, which generally corresponds to higher bond energy, i.e., more negative enthalpy of formation. The fact that The Neumann-Kopp rule also has limitations, especially for the alloys that have a lower melting point than the temperature (1373 K) of the calorimeter, since the latent heat of melting of the compound is not considered. Alloys containing Ti or Hf generally have a lower value of the heat content than the predicted one. This implies a lower specific heat than expected but the reason is not clear.
The standard enthalpies of formation of the Ni 75-x Mn x Sn 25 alloys are presented in Fig. 9 in which the enthalpy value of Ni 3 Sn with a D0 3 structure was determined by Vassilev et al. [45] . It can be seen from the graph that the stoichiometric composition has the most negative value indicating the highest thermodynamic stability. The enthalpy values are generally linear with the change of composition. The linear fit result is D f H + ¼ 34:6x À 38:3 when x>0:25 À62:0x À 14:2 when x<0:25 ðkJ=mole of atoms in which x is the atomic fraction of Mn. The difference in slope indicates differences in constitutional defect structure on either side of stoichiometry. 
Conclusions
A series of Ni-based Heusler type compositions were investigated. The standard enthalpies of formation of 27 Ni 2 YZ Heusler compositions and 6 off-stoichiometric compositions were measured using high temperature direct reaction calorimetry. Phase compositions were verified using EDS analysis, and crystal structure and lattice parameters were determined using XRD. The Heusler structure was identified in Ni 2 
